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f ABSTRACT
IThe tensile, compressive, shear, bearing, fracture-

Ttoughness and axial-stress fatigue properties and resistance to

stress-corrosion cracking have been determined for a total of
143 lots of commercially produced 2014, 2024, 6061, 7075, 7079
and 11 8 extrusions in stress-relieved stretched tempers
(TX5X), and in thicknesses from 0.050 to 6.500 in.

Tests of 31; lots in the "heat-treated-by-user"
ttmpers were also made.

Ratios of tensile, compressive, shear and bearing
prop ,-Uw6 to correzpondlng longitudinal tensile properties
were computed. Some variations in ratios occur with re:pec. to
alloy, temper, thickness, and direction.

Groups of ratios for each alloy in the TX51X tempers
wee analyzed statistically and mnimum-average values were
determined. Tables of design mechanical properties were
prepared.

Typical and minimum stress-strain and compressive
tangent-modulus curves were prepared.

Average values of plane-strain stress-intensity jfactor, Kic, at 5 per cent secant offset were determined.

Log-mean fatigue-life values were calculated. I.
Stress-corrosion tests evaluated performance for the t

alloy and temper combinations tested.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be
made only with prior approval of the Air Force Materials
laboratory (MAAM), Wright-Patterson Air Force Base, Ohio 45433.
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SECTION I

j INTRODUCTION

The desirability of stretching heat-treated aluminum
alloy products, not only for straightening, but also to reduce
residual stresses and warpage during subsequent machining
operations, has been recognized In recent years by the establish-
ment of the TX5l-type tempers. It is realized, however, that
this stretching may have a significant effect on some of the
mechanical properties, particularly a reduction of the
compressive yield stress in the longitudinal direction. The
mechanical properties of stress-relieved stretched plate were
evaluated in a previous investigation (1).

The data from tests made under this investigation
were obtained to establish der'gn mechanical properties for use
in Mfl-HDBK-5(2), including stress-strain and tangent-modulus
curves, for 2014, 2024, 6061, 7075, 7079 and 7178 aluminum
alloy extrusions in the TX51X tempers. For comparison, similar
tests have been made of a few extrusions of each alloy in
" eat-treated-by-user" tempers.

It is recognized that the fracture-toughness, fatigue
properties and resistance to stress-corrosion cracking are
among the most important properties contributing to the success
or failure of specific aircraft structures. These properties
have been evaluated in previous investigations of stress-
relieved stretched plate (3, 4) and as part of this investiga-
tion they have been evaluated for a selected number of
extrusions.



SECTION II

MATERIAL

The samples of extrusions tested were obtained from
lots produced on regular orders for customers between My 1966
and July 1967. No two lots of any one alloy and temper were
from the same production run. However, the samples of 2024-
7651X were from the corresponding lots of 2024-T351X and most
of the 7075-T13510 samples were from corresponding lots of
7075- T6510 samples.

The samples of extrusions were obtained from two

producers. About 70 per cent of the total number of samples
tested were obtained from one producer.

The number of samples ordered from the two producers
was 176 in the TX51X tempers and 34 in the 0 temper. The test
program was based upon the expectation t11aL about 2/3 of this
total number could be obtained. The number of samples received
was 143 in the lIX51X temper and 23 in the 0 temper. Because of
inevitable fluctuations in customer orders, the desired number
of samples could not be obtained for alloys such as 2014 and
7079, whereas for 6061-T6510, all samples ordered were obtained.

The thicknesses ranged from 0.050 to 6.500 in.
Lengths were 5 to 8 feet except those of the 2024-0 and 7075-0
which were 12 to 16 feet in length. The latter samples were
cut in half for heat-treatment to the 'heat-treated-by-user"
tempers, T42 and T62 tempers for 2024 and T62 and 173 tempers
for '(075. The temper designation, 173, is not strictly correct
for 'heat-treated-by-user", but a suitable number has not ye.
been assigned.

The 23 samples in the 0 temper were heaL treated to
the "heat-treated-by-user" tempers in accordance with MIL-H-
6088D. The five samples of 2024-0 and six samples of 7075-0
were tested in two 'heat-treated-by-user" tempers, so that the
total number of samples tested in those tempers was 34.

Cross-sections of all the samples tested showing the
general locations of the test specimens are shown in Figs. 1
through 9.

2
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SECTION III

PROCEDURE

A. Yi chanical Properties

A.l. Tensile, Compressive, Shear and Bearing

All tensile, compressive, shear and bearing tests
wer. ,-ide using the smallest suitable range of an Amsler
20,000-lb (type 10_BZIA58), an Olsen Electomatic 30,000-lb, or
a bouthwark-Tate-Emery 50,000-lb Universal Testing Ibchine.
Each of these machines was calibrated prior to and during the
life of this contract. The accuracy was always within that
required by ASTM(5) and applicable Federal specifications.

Single tests were nt e exceot in a few instances
where a review of the resuli , _ hUicac-- tiai check tests were
needed.

jdl tensile tesLs were made in accordance with ASTM 2
Methods L(6). rihe size and type of the tensile specimens are
as shown in Fig. 10. Longitudinal and long-transverse specimenswere taken from the following loca ions:

Location of Axis of Specimen with Respect
to hickness (T) and Width (W)

of Predominant Section
Thickness, Thickness Width

n.in. -a iT?50in. 1 .50U in.

< 0.500 T/2
0.500 to 1.500 incl. T12, D*/2 W/2, D*/2 W/11

1 .500 11/4, I*/4 --- W/4, D*/4

* For round sections: D=diameter.

Also, for section thicknesses50.500 and widths >1.500 in.,
longitudinal and long-transverse specimens were taken at the
T/2, W/2 location. For round sections> 1.500 in. in diam,
specimens were also taken at the D/2 location. For sections
s2.000 in. in thickness, short-transverse specimens were taken
from the T/2, W/2 location.

Whenever possible, the tensile specimens from
extrusions 0.499 in. or less in thickness were full-thickness
sheet-type specimens. The specimens from thicker shapes were
1/2 in. in diam, except where it was necessary to use subsize
round specimens.
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All compressive tests were made in accordance with

ASTM Methods E9(7) and were made using a subpress (Fig. 3 of
ASTM Mthods E9). The specimens from shapes less than 0.500 in.
in thickness were full-thickness specimens of the type shown in

ig. 11. 7hese specimens were laterally supported by a
Mbntgomery-Templin Fixture (Fig. 4a of ASTM Methods E9). The
specimens from thicker shapes were cylindrical (Fig. I). The
compressive specimens were taken from the same locations as the
tensile specimens.

Tensile and compressive yield stresses of each sample

of extrusion were determined from load-strain diagrams obtained
autographically.

Tests to determine the shear ultimate stress were made
using specimens shown in Fig. 11. Whenever possible, these
specimens were taken from the same locations as the tensile
specimens, except that tests of short-transverse specimens were
made only on shapes 3 in., or more, in thickness. The tests
were made wIth an Amsler double-shear tool in which the center
1-in. length was sheared from the 3-in. long specimen, the end
thirds being supported throughout the length. In tests of
longitudinal and long-transverse specimens, the loads were
applied in the direction normal to the major surface of the
shape from which the specimens were taken; in tests of short-
transverse specimens the loads were applied in the direction of
extrusion, parallel to the major surface of the shape(8).

Bearing tests were made in accordance with ASTM Method
E238(9) using longitudinal and, where possible, long-transverse
specimens, or the types shown in Fig. 12. Flatwise and edgewise
specimens were tested from shapes of suitable size. Edgewise
specimens from shapes less than 1-1/2 in. in thickness, however,
were 1 in. wide (Type A, Fig. 12). The bearing ultimate
stresses and yield stresses were determined at edge distances
of 1.5 and 2.0 times the pin diameter. The yield stress was
determined as the stress at a permanent deformation of 2 per
cent of the pin diameter, as indicated on autographic load-
deformation diagrams. Before making these tests, the test
fixtures and specimens were cleaned ultrasonically in a suitable
nontoxic solvent.

Certain samples were chosen for tensile and compress-
ive stress-strain and modulus tests, fatigue and fracture-
toughness tests. Samples from which both longitudinal and
long-transverse specimens could be obtained were selected for
these tests. In a few instances, however, the geometry of the
shapes in certain thickness ranges permitted only longitudinal
tests.

The tensile and compressive specimens used for modulus
and stress-strain tests are shown in Figs. 13 and 14, re-
spectively. Li all modulus tests of longitudinal tensile
specimens, and a few long-transverse specimens, strains were
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* measured over a 6 -in. gage length with an Amsler-Mtrtens mirror-
type extensometer (ASTM Class A). In most of the tests of long-
transverse tensile specimens It was necessary to use smaller
specimens and measure strains over a 4 or 2-in. gcpse length
with the Amsler-.%rtens mirror-type extensometer (TM Class
B-1) or a 1-in. gaje length with the Tuckerman optical strain
gage (A$TM Class A). In tests to determine modulus where
strains were measured over a 6 or 4-in. gage length, the
specimens were stressed up to about the proportional limit;
then, after remo al of the load and starting again at zero
stress and strain, strains were measured with the same instru-
ment over a 2-in. gage length to determine the stress-strain
curve to the yield stress. In tests to determine modulus and
stress-strain curves where strains were measured over a 2 or
1-in. gage length, tests were continued without interruption
beyond the proportional limit to obtain the yield stress. In
some tests of each alloy and temper, strains were measured
beyond the yield stress to the ultimate stress with a 2-in.
dial gage (each division = 0.001 in.) or scale and dividers to
obtain full-i;iige tensile rt.r'. ,--raln urves. In all
comprjssive modulus and stress-strain tests, the Tuckerman
optical strain gage was used over a 2 or 1-in. gage length
(A!TM Class A). For determination of each modulus value, the
data were examined by the strain-deviation procedure in A1TM
Mbthod Elll(l0). Based on the various tests, representative
typical and minimum stress-strain and compressive tangent-
modulus curves were developed in accordance with the procedures
as outlined in Sections 3.2.3, 3.2.5 and 3.2.6 of' Technical
Report AFML-TR-66-38b(ll).

A.2. Fracture Toughness

Fracture-toughness tests were made in accordance with
the methods described in ASTM STP 411(12) on fatigue-cracked
single-edge notched tensile specimens from the longitudinal and I
long-transverse directions. The types of specimens are shown
in Fig. 15; the proportions of these specimens are the same as
those of specimens used by NASA, Lewis Research Center. The
fracture parameters were calculated from relationships developed
from the NASA calibration.

Fatigue cracking of the fracture toughness specimens
was accomplished by axial-stress or flexural loading at maximum
stresses equal to or less than twenty per cent of the tensile
yield stress of the material. In some cases, a small number of
cycles at higher stresses were used to initiate the fatigue
crack, but most of the crack growth was developed at stresses
within the above limitation. The fatigue cracks were extended
at least 0.050 in., and usually much more, so that the total
slot-plus-fatigue-crack length was between 1/3 and 1/2 the
specimen width, and always equal to or greater than the
specimen thickness.
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After fatigue cracking, the specimens were loaded
statically in a 30,000-lb Olsen screw-powered testing machine
or, for the larger specimens, a 300,000-lb Amsler hydraulic
teating machine. Autographic load-deformation curves were
plotted with a sley X-Y plotter, plotting load from a load-
cell or the weighing system of the machine versus the output
from SR-4 electrical-resistance strain gages mounted across the
edge crack in the specimen, as shown in Fig. 16.

Candidate values, N(, of the critical plane-strain
stress-intensity factor, KJc, were calculated using two values
of load from the autograpic load-deformation curves. The
first value was calculated using the load at the initial burst
of unstable crack growth, as indicated by the initial signifi-
cant deviation from linearity in the load-deformation curve.
The second value was calculated using the load at a 5 per cent
secant offset, equivalent to about 2 per cent of crack exten-
sion; this was done as a result of recent recommendations of
ASTM Committee E-24(13) that the :-ecant-offset method be con-
sidered for establishing Kic.

Before values of can be considered to be meaningful
values of Klc, they must mee two criteria:

(a) the plastic zone size must be small with respect
to the thickness, as indicated by the limitation
that the thickness of the test specimen must be
equal to or greater than 2.5 times the ratio

Q/rys ) , and

(b) any deviation from linearity in the load-
deformation curve prior to the load used for the

c tcalculation must primarily represent crack
Otenston, as indicated by the limitation on the
load-deformation diagram that the horizontal dis-
placement of the load-deformation curve (from the
initial slope) at a load 80 per cent of that at
the 5 per cent secant-offset intercept shall not
be more than 1/4 of the displacement at the 5 per
cent secant-offset intercept (14).

The straightness of the fatigue-crack front was also
used in establishing whether or not the values of KQ were
meaningful values of Kic. Those values from specimens in which
the fatigue-crack-front curvature (measured by the distance
from the most advanced point to the trailing point on the crack
front) exceeded 20 per cent of the specimen thickness were not
considered meaningful.
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A.. Axial-Stress Fatigue

Axial-stress fatigue tests were made using three
longitudinal and three long-transverse specimens of the type
shown in Fig. 17 from each of the selected samples. They were
tested at three stress levels (R-0.0) in Krouse fatigue
machines operating at 800, 1500 or 1725 rpm.

B. Stress-Corrosion Cracking

Two types of test specimens were employed; 0.125-in,
diameter tensile specimens taken in both the longitudinal ane
long-transverse directions and 0.750-inch diameter short-
transverse C-rins. The specimens were generally taken on
center line (T/2) and at mid-point in the width (W/2) of the
predominant section of tne extruded shape.

The tensile specimens were stressed in "constant-
strain" type fixtures (Fig. 18) to D per cent of the tensile
yield stress by means of' the loading device shown in Fig. 19(15).
During exposure the fixtures were protected by a cellulose
acetate coating so t t only the test specimens were exposed.

The C-ring specimens (Fig. 20) were used to test the
short-transverse direction of all samples that were 0.750 inches
or more in thickness. Stresses equivalent to 75 per cent of the
actual short-transverse tensile yield stress were employed; the
stress was controlled by tightening the bolt and measuring the
resultant deflection by the procedure described in Method 2-A
given in the report of Task Group I on Stress Corrosion Testing
Methods (16).

The two types of stressed specimens were exposed to
the alternate immersion test which employs a 3.5 per cent (by
weight) NaC solution made with salt of 99.7 per cent purity.
New Kensington tap water, which is essentially free of heavy
metals, was used due to the large volume of water required.
Water loss due tc evaporation was compensated by the additions
of tap water, and the salt concentration was regularly checked
and adjusted as necessary. The solution was changed monthly
and at each change the specimens were rinsed with fresh tap
water.

The alternate immersion cycle included total immer-
sion of specimens for 10 minutes and aeration above the solution
for 50 minutes. This 1-hour cycle was continued 24 hours a day
for the entire test period. The test equipment, shown in Fig.
21, consists of large stationary painted aluminum alloy tanks,
with the specimens supported on an open aluminum alloy (6061-T6)
framework that is raised and lowered to provide the alternate
immersion cycle.
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The alternate immersion test was conducted at ambient
temperature and humidity. Measurements have shown the air
temperature to vary considerably, while that of the solution
varied only slightly. Measurements have also shown that the
temperature of the test specimens themselves will remain within
2 to 3 degrees of the solution temperature throughout the
drying cycle. For the contract period the range of ambient
conditions can be broadly grouped into two categories: warm
months when little or no room heating was used versus cold
months when room heaters operated more or less continuously.
Typical ranges are:

My to September: air temperature . . 68 to 900 F
solution temperature . . 6rto 72' F
relative humidity . . 35 to 70%
(approximate mean 40 to 55%)

October to April: air temperature . . 62 to 8° F
solution temperature . . 58 to 680 Frelative humidity .. 25 to 60%
(approximate mean 40 to 55%)

All specimens that failed during exposure were in-
spected, and representative failures were examined microscopic-
ally to verify the cause of the failure. In addition, thetensile specimens that did not fa" during exposure were
tension tested to determine the change in ultimate tensile

stress due to corrosion.

The samples evaluated in this investigation included
alloy-temper combinations developed to provide virtual immunity
to stress-corrosion cracking, as well as alloy-temper combina-
tions which have been shown to be susceptible to stress-corrosion
cracking. It was realized that any cracking that might occur in
the more resistant items could be very fine and not readily
detectable by visual means, and could result in a degree of
relaxation of applied stress, thereby preventing f urther crack-
ing. Therefore, C-ring specimens from these resistant materials
were examined metallographically upon completion of the 84-day
exposure period.

8



SECTION IV

RESULTS OF TESTS

Tables of the results of the individual tensile,
compressive, shear and bearing tests, the ratios among some of
those results, statistLcal analyses of the ratios among certain
properties and computed design values are arranged as shown in
the List of Tables. Stress-strain and compressive tangent-
modulus curves are shown 'n Figs. 22 through 64.

The results of fracture-tougl.ness te cs are shown in
Tables LKIV and LXV. The results of the axial-stress fatigue
tests are shown in Tables LXVI and plotted in Figs. 65 through
71.

The results o2 the stress-corroslon tests are shown
in 'fables LXVII and LXVIII.

i
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SECTION V

DISCUSSION OF RESULTS

A. ibchanical Properties

Al. Tnsile, Compressive, Shear and Bearing

The results of the tensile, compressive, shear and
bearing tests of the individual samples are summrized in
Tables II through X. The tensile properties (longitudinal,
specification location) of each sample exceeded the specified
minimum values shown in Table XI.

The ratios among the tensile, compressive and shear
properties of the individual samples are shown in Tables XII

through XX and the ratios of bearing properties to the tensile
properties are shown in Tables XXI through XXIX. The most
distinct differences between the ratios for the stretched and
'heat-treated-by-user" extrusions are in the longitudinal
compressive yield-tensile yield ratios and some of the bearing
yield-tensile yield ratios. The largest differences are in
those of the solution heat-treated tempers of 2024 (T42 vs
T351X).

For the purpose of making the statistical analysis
of the TX51X tempers of each alloy, ratios of the properties
at the specification location in the cross section were used;
for the long-transverse direction, the ratios of the long-
trarsverse properties at the center of the cross section (T/2,
W/2) to the longitudinal tensile properties at the specification
location were used. The statistical analyses were made using
the procedures as outlined in MIL-HDBK-5 Guidelines for
Presentation of Data(ll).

A regression analysis of each group of ratios was
made to determine if a significant correlation existed with
section thickness. Where a significant correlation with the
thickness existed, values of minimum average ratios (I) were
selected which correspond with the lower limit of the confidence
band around the regression line at the mean of each respective
thickness range. Where no correlation existed, a single
minimum value of fl was selected for all thicknesses. These
values of minimum R were used for determining derived design
values for their respective thickness ranges.

The distribution of the ratios, and the values for
the different terms in the statistical analysis, are shown in
Tables XXX through XXXVII. The results of the statistical
analyses indicate that, with the exception of those for 2024-
T351X, there is no correlation of ratios involving the
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longitudinal compressive yield stresses with thickness.
Similarly, most of the ratios for 2024-T851X and 7079-T6510
indicate no correlation with thickness; for the latter,
however, only samples in the smaller thickness ranges were
tested. Otherwise, there is generally a decrease in most of
the ratios with an increase in thickness for the remaining
alloys and tempers.

Since shear and bearing tests were made using both
longitudinal and long-transverse specimens, Student's t"-test
was applied for each alloy to the ratios for each test direction
to determine if there was a significant difference between
average ratios for the two directions. Where none was found,
the ratios for the two directions were combined for computation
of the minimum ratio values to be used; where there was a
significant difference, generally, the more conservative values
of the two were used. No differences with direction were
found in shear ratios for 2014-T6510, 2024-T351X, 6o6-T6510"
and 7079-T6510 and all bearing ratios except the bearing yield
ratios of 2024-T35lX (e/D-2.0) and 6061-T6510 (e/D=l.5).

The values of' ratios used in computing derived design
values from the specified longituainal tensile properties of
the respective thickness ranges of each alloy are summarized in |
Tables XXXVIII through XLV. The corresponding computed design
values for each alloy are summarized in Tables XLV I throughLIII.

In preparing the design tables, the values for the
longitudinal tensile properties in Federal Specifications, as
shown in Table XI, were used as basis-property "A" or 11311

values. These values, and the corresponding 'B" values are
the same as shown in Mfl-HDBK-5, as revised November l967. By
applying the minimum ratios in Tables XXXVIII through XLV to
the basis-property values, the corresponding design values were
computed(ll). Sufficient supporting production data for
6061-T651X extrusions were available to establish basis-
property "B" values. These values and the derived values are
shown in Table XLIX. No changes have been made in any minimum
elongation values presently shown in MIL-HDBK-5. j

In the tables of computed design properties almost
all of the derived values have been changed from what is
presently shown in MIL-HDBK-5. The differences between the
computed values and those now in MIL-HDBK-5 are shown in
parentheses in Tables XLVI through LIII. The lower values for
most of the shear stresses may be explained partly by the fact
that the loads in the shear tests, in this investigation, were
applied normal to the major surface of the extrusions, whereas
in previous tests the loading direction was not controlled.
All but seven of the bearing design values changed, about
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three-fourths of the changes being increases. These probably
result principally from the fact that the specimens and test
fixtures were cleaned prior to testing(9) which has a
significant effect on the reaults(17). The derived tensile and
compressive values are not consistently higher or lower than
those in IE'LHMK-5. For some of the alloys it is noted in
KU.L-HI-5 that for the TX51X tempers the longitudinal
compresuive values may be lower than the values shown. The
derived longitudinal compressive values for 2014-T651X and
2024-T351X are 1000 to 4000 psi lower and those for the 6061
and 7000 series alloys are 1000 psi lower to 5000 psi higher
than shown in KrL-HDK-5. A comparison of the statistically-
derived minimum ratios from this investigation and the average
ratios derived from present MIL-HDK-5 values for the TX51X
tempers can be made from Table LIV through LIX. Also shown in
these tables are the corresponding values for extrusions in the
"neat-treated-by-user" tempers.

Ratios of the lonmitudinal and long-transverse
properties at the center (T/2,W/2) location in the cross
sections of the extrusions to the corresponding properties at
the midway (T/2,W/k or T/4,W/4) location are shown in Table LX
for the TX51X and "heat-treated-by-user" tempers. The ratios
are generally about the same regardless of alloy, temper,
thickness, property or direction of specimen. Generally, the
ratios indicate that the properties at the center location for
each alloy and temper average from about the same to 3 per cent
lower than the corresponding properties at the midway location.

Ratios of bearing properties obtained in tests of
edgewise specimens to those obtained with flatwise specimens
for sections equal to or greater than 1 in. in thickness are
shown in Table LXI. Generally, the ratios for most of the
alloys and tempers are about the same. The ratios of bearing
ultimate stresses, edgewise to flatwise, average 0.96 and 0.97,
respectively, for e/D-l.5 and 2.0; for bearing yield stresses
the corresponding ratios average, respectively, 0.97 and 0.98.
Hwever, for bearing ultimate stresses of 70 5-T6510, e/D=l.5, h
the ratios average 0.93 and those for 7178-T6510 and -T62,
e/D1.5 and 2.0, the ratios average 0.58 and 0.94,respectively.

The results of the tensile and compressive stress-

strain tests are surized in Table LXII and the average
modulus values are shown in Table LXIII.

In the results of the modulus tests, there are no
consistent differences in the values for the TX51X and "heat-
treated-by-user" tempers. There are, however, noticeable
differences between some of the longitudinal and long-transverse
values. For the 2000 series alloys the long-transverse tensile
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values average about 200,000 psi lower and the long-transverse
compressive values average about 60,000 psi higher than the
corresponding longitudinal values. For the 7000 series, the
longitudinal and long-transverse tensile values average about
the same; the long-transverse compressive values average
200,000 psi higher than the longitudinal values. For 6061
there are inconsistent differences in the two directions; for
relatively thin sections both the long-transverse values
average about 200,000 (teneile) and 400,000 psi (compressive)
higher than the corresponding longitudinal values; for the
relatively thick sections the long-transverse tensile values are
about 200,000 psi lower than the longitudinal values and In
compression they are the same.

There were no significant differences in modulus
values associated with thickness for the 2000 and 7000 series,
however, there were definite differences between the modulus
values of the rej.aiVey t'hin (0.075 to 0.375 in.) and
relatively thick (3.000 to 6. 00 in.) 6061 extrusions. The
modulus values of the thick sections average about 600,000 psi
higher than the thin sections. 'These differences probably
result from the fact that the thin sections are largely re-
crystallized, whereas the thick extrusions are largely unre-
crystallized.

The tensile and compressive modulus values selected
for the various alloys are:

Alloy or t4dulus, psi
Series Thickness, in. Tensile Compressive

200G All 10,800,000 11,000,000
6061 O.h99 9,700,000 9,900,000
6o61 5 3.000 10, oo,oCo lO,6OO,OOO
7000 All P,,,O00,000 10,700,000

The values for the 2000 and 7000 series are generally
higher than those now shown in MIL-HDBK-5 and in the same range
as tnose obtained in a previous contract on stress-relieved
stretched plate(l). The above modulus values are shown in

Tables XLVI and LIII and were used in preparation of the stress-
strain and tangent-modulus curves. The values shown in Table
xLIX for 6061, 0.500 to 2.999 in., are those presently shown
in MI-HDBK-r-, November l9E7j for the typical stress-strain and
tangent-modulus curves of 60oI-T62 (all thigknesses) averagesof the values shown above (10.0 and l0.;xlO psi) were used.

1
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The tensile and compressive stress-strain and the
compressive tangent-modulus curves are shown in Figs. 22
through 64. For a given alloy, temper, type of test and
direction, the offsets from the modulus line in the individual
stress-strain tests indicated no significant differences with
thickness except for those of 606l-T65l0. For 6o61-T651X,
curves for two thickness ranges were prepared as shown in Figs.
37 through 42. For the minimum stress-strain curves, the
tensile and compressive yield stresses used are those shown for
the appropriate thickness ranges in Tables XLVI to LIII. For
the ty- Ical longitudinal tensile stress-strain curves, the
values are those indicated in Alcoa's production in recent years
and it is assumed that the value for the industry would be
about the same. The typical long-transverse ultimate tensile
stress and the other yield stresses were based on the derived
average ratios obtained in the statistical analyses. All
curves were derived and presented in accordance with the
procedures outlined in MIL-HDBK-5 Guidelines for Presentation
of Data(ll).

A.2. Fracture Toughness

The results of the indlviuuaL fracture-toughness
tests are shown in Table LXIV. In each case, an Indication is
given in the right-hand column as to whether or not the
calculated values of Koare considered to be meaningful values
of KIc based upon the criteria listed in Section 3 on Procedure;
in a very few cases, values which did not meet all of the
criteria are classified as meaningful because they fit in well
with data for other samples for which the criteria were met.
The meaningful values of KIc from Table LXTV are summarized in
Table LXV to arrive at useful average values for the various
alloys and tempers. The values of " op-in" KIc are not
avera ed, since these do not comply with the current ASTM
definition of Kic(13) but are included in the table for
information.

Representative load-deformation curves are shown in
Fig. 72; included are a few curves from tests in which the
deviation from linearity prior to the secant )ffset indicated
that the calculated values of K0 were not meaningful values of
KIc (labeled "not valid" ). Repiesentative fracture surfaces
are shown in Figs. 73 and 74; the former shows examples of
specimens for which the fatigue-crack fronts were Judged
sufficiently straight (within 20% of thickness) and the latter
shows specimene for which the excessive fatigue-crack-front
curvature reulted in meaningless values of KQ.

14
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I
The average, values of 5 per cent secant KIc from

Table LXV are summars.zed below; only the values for 9024-TB51X,
7075-T6510, 7075-T,3510 and 7178-T6510 are based upon tests of
more than two lots.

5 per cent Secant - Offset KIc, psiN.'

Longitudinal Long-Transverse A

2014-T6510 30 100 25 400
-T62 28 600 2 000

2024-T85lx 2g 000 18 200
7075-T6510 o 000 23 600

-T2 --- 23 800
-T53510 34200 26 300

7079- 510 30 O 29 200-962 3580 ---
7178-1'6510 21 900 21 000

-T62 23 300 22 600

None of the many test3 of 2024-T351X resulted in
values which could be considered wholly valid, principally
because of excessive plastic deformation prior to cracking as
indicated by the deilation frui. linearity in the load-
deformation curves. However, the data suggest that the
lorgitudinal value of KIc for tJ, alloy and temper is in the
rae of 40,000 to 50,000 psi-fin.; the data for transverse
specimens arc not useful even for estimates.

There are insufficient data for any of the alloys and
tempers to be certain of trends relative to cross-section, size
or shape.

;.5. Axial-Stress Fiatigue

The results of the axial-stress fatigue tests (R-0.0)
of extrusions in trie TX5iX and "heat-treated-by-user" tempers
are shown in Table LXlr[ and plotted in Figs. 65 through 71.
Log-mean fatigue life jalues for the three preselected stress
levels have been calculated in the table and curves have been
drawn through these values in the figures. There are definite
differences in the fatLue properties in the longitudinal and
long-transverse directions, those in the longitudinal direction
bei.n* higher. While both directions of specimens from sections
0.750-1.500 in. thick were taken from the center of the cross
sectior, une longitudinal and long-transverse specimens from
thicker sections were taken from the midway (T/4) and the

center (T/2) locations, respectively. It is doubtful, however,
that, the difference in location is as significant as that in

-ection.

I
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The following general observations have been made
ooncer~ing the log-mean fatigue lives of the various alloys and
tempers:

a ) 2014-T6510 and 2024-TI51X - slightly lower than 2024-T51X
5510 - slightly lower than 7075-T65100 717-5 10 and 7075-T6510 - about the same.

SHowever, the differences in log-mean fatigue lives may not be
* significant because of the small number of tests made at only

three stress levels.

B. Stress-Corrosion Cracking

The results of stress-corrosion tests are listed in
Tables LXVII and LXVIII, the former containing test results for
the stress-relieved (TX51X) tempers and the latter results for
samples in the "heat-treated-by-user" tempers.

No cracking was detecLed visually or microscopically
in specimens from the sLress-relieved samples of 2024-T851X,
606l-L6510 and ,C7 T77-15 alloys, regardless of test direction.
Extrusions of 7079-'I -10 were tested only in the longitudinal
and long-transverse directions and, in these directions, also
demonstrated a high resistance to stress-corrosion cracking.

A high resistance to stress-corrosion cracking was
also exhibited by longitudinal specimens: from the remaining
stress-relieved samples, alloys: 2014-16b510, 2024-T351X, 7075-
T6510 and 7178-1,510. However, stress-corrosion cracking was
encountered with long-transverse and short-transverse specimens
from these alloys.

In the ;'heat-treatud-by-user" tempers specimens from
the following samples were highly resistant to stress-corrosion
cracking: 2024-Tb2, 606l- ;i arwl YG5-'75. Failures were
encountered with either long-tra,.sverse or chort-transverse
specimens from the less resistant materia]s: 2014-'tb2, 2024-
42, 7075-Th2 and 7178-Vh2.

While the test results appear to be typical for the
various alloy-temper combinations, it is felt that some
clarification of the data is warranted, particularly with
regard to specimen orientation.

zxperience(18) with extruded sections has shown that
the behavior of test specimens from susceptible alloy-temper
combinations will vary with specimen orientation as illustrated
in Fig. 75. Longitudinal specimens will show a high order of
resistance to stress-corrosion cracking; long-transverse

16



specimens also will show a relatively high resistance, particu-
larly in thin sections. It should be emphasized that the long-
transverse terminology, as used in stress-corrosion testing, Is
based upon the shape of the grain structure and not upon the
shape of the extrusion. Thus, in order for an extruded section
to develop a long and a short-transverse direction, the width
must be at least twice the thickness. As the width/thickness
ratio decreases, the resistance to stress-corrosion cracking in
the long-transverse direction decreases progressively. When
the ratio approximates unity, the specimens are considered
simply "transverse", Lnd the resistance to stress-corrosion
cracking Is only slighLly better than that of 1hort-transverse
specimens. Conversely, the relative resistance of long-
transverse specimens increases as the width/thickness ratio
increases above 2/1.

The use of' random samples, as was the case In this
contract, resulted in a wide .ange of width/1hickness ratios. t
Thus, in some scctions iee'initc IcnL-transver3e and short-
transverse structures wore not developE;i. The data are
nevertheless considervui reprc20ntative of the various alloy-
temper combinations if proper allowance is made for the grain
structures involved. This is illustrated in Fig. 76 which
compares the resistance of the Y(G5-'6510 specimens with
performance bands previously developed by a large number of -
tests of 7075-I1 alloy extruded sections-(18 ).

1I!I'
I.
I
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SECTION VI

SUMMAJRY AND CONCLUSIONS

Based on the results of tests of commercially produced
extrusions that met the requirements for tensile properties in
applicable Federal specifications, the following conclusions
seem warranted concerning mechanical properties, including
fracture toughness and fatigue, and resistance to stress-
corrosion cracking of 2014, 2024, 6o61, 7075, 7079 and 7178
extrusions:

1. The most distinct differencee between the
average ratios among the properties of
the TX51X and "heat-treated-by-user"
tempers of extrusions are those involving
the longitudinal compressive yield stresses
and some of the bearing yield stresses.
The largest differences are in those of
the solution heat-treated tempers of 2024
(T351X vs T42).

. Mtdnimum-average ratios for computing the
derived minimum design mechanical proper-
ties of the TX51X extrusions are as shown
in Tables XXXVIII to XLV.

3. Generally, most of the ratios for 024-
T651X and 7079-F6510 and all the longitud-
inal compressive yield stress ratios,
except those of 2024-T351X, indicate no
correlation with thickness. Most of those
for the other alloys decrease with
increase in thickness.

4. Fatios of tensile, compressive,shear and
bearing stresses at the center locatioi
(T/2, W/2) in the cross sections of the
extrusions to the corresponding properties
at the midway location (T/2, W/4 or T/4,
W/4) are generally about the same,
regardless of alloy, temper, thickness,
property or direction of specimen.
Generally, the ratios indicate that these
properties at the center location for each
alloy and temper average from about the
same to 3 per cent lower than the corre-
sponding properties at the midway location.

18



5. In general, the bearing stresses obtained
using edgewise specimens average 3 per cent
lower than those obtained using flatwise
specimens, except for the bearing ultimate
stresses of7075- o510 (e/DI.5) and 7178-
T6510 and -T 2 (e/Dml.5 and -. 0) him
average 6 to 12 per cent lower.

6. Fesults of the modulus of elasticity tests
indicate the following:

a. In compression, the values average 2 to
3 per cent higher than those in tension.

b. For the 2000 series alloys, the long-
transverse values in tension and com-
pression average 2 per cent lower and
about 1 per cent higher, respectively,
than the corresponding longitudinal
values.

c. For 6061 alloy, the long-transverse
values for the smaller thickness ranges
average 3 per cent higher, and those for
the larger thickness ranges average 1
per cent lower, than the corresponding
longitudinal values.

d. For the 7000 series alloys, the values
in tension are about the same regardless
of direction; the long-transverse values
in compression average about 2 per cent
higher than the longitudinal values.

7. Average values for modulus of elasticity are:

Alloy or Thickness, Modulus, psi j
Series in. T-heile Compressive

2000 All 10 8oo 000 11 000 000
6061 ;0.499 9 700 000 9 900 000

0.500-2.999 9 900 000" 10 100 o0Qo
33. 000 1o00 0o 10 6o 000

7000 All 10 00 000 10 700 000

* Values presently shovn in MIL-HDBK-5

Ii



8. Computed desisn mechanical properties for theTX51X temprs am as shown in Tables XLVI
throuit UII. ftr alloys 2014-T651X, 2024-T351X
and 7679-765U vtwre Alcoa has a reasonable
amount or W-rozttion data for long-transverse
tensile ]u'apaUem, it appears that higher values
than tbhose coputed In this report are being met.

9. Tpical and minizum ("A" or "S" Value) stress-
srain and compresstve tw-gLit-moqulus curves
are as shown in P s. 22 'hrough 64.

10. Hounded average valuec of p3 -s.ra1-i stress-
intensit factor, KT. (psin., at , per cent
secant offset, suitile for incuio for
information MIL-HDK-5, are as follows:

Aloy and Tumper LonEitudinal Lon-Tra verse
2014-1T151X 20 000 00

2 0 2 4 -' _5 10 0 0o 00 0

2024-'1'65lX 0000
7075-T5Jx 2~ 000 24 000
7075-T7351X 34- 000 26 o00
717-T51X 22 000 21 000

Valid values were not obtained for 6C6l-TUJ5lX
and 2024-T351X.

11. he results of the axial-stress fatigue tests
(R-0.0) are plotted in Figs. 65 through 71.
For all the alloys tested, the long-transverse
fatigue properties are generally lower than the
longitudinal fatigue properties.

12. The results of the stress-corrosion tests
revealed typical performance for the various
combinations of alloy and temper. The data are
in good agreement with and tend to corroborate
existing data for aluminum alloy extrusions.

20



SECTION VII

RECOMMENDATION
!

It is recommended that the computed design mechanical
properties in Tables XLVI to LIII, and the stress-strain and
compressive tangent-modulus curves in Figs. 22 to 64 be con-
sidered for use in the next revision of MII-HDBK-5.

For some alloys such as 2014-T651X, 2024-T351X and
7079-'1b651X, where Alcoa has a reasonable amount of production
data for long-transverse tensile properties, it appears that
higher values than those computed in this report are bei3.g met.
It is suggested that before adopting these tables in MfL-HDBK-5,
the producers be requested to review their production data for
the long-transverse tensile properties to determine the
industries' capability with respect to these properties for all
alloys and tempers.

2
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ayo b uoi'.r (d. -. utal tme o

hot shown In Federal Specification
Etlongation requirements not applicable for rnterial thinner than 0.062 in. (nminal)
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TANA 1Mi.L

RATIOS FOR COXG'UTING IRIGN WCHANICAL PROPERTIES
0F STFlM8-LIEME STMTCM 2O14-T65Jx RxTuSIoN

Thickes. in,
S500- 0 .7 50-

Ratio zo0A99 O.749 1.750

Ftu(LT)/Ftu(L) 1.005 0.900 0.900

F y(1f)/Fty(L) 0.930 0.869 0.869

Pcy(L)/Fty(L) 0.983 0.983 0.9835

Fcy(LT)/Fty(L) *0.910 0.910

FsuJF+.u(L) 0.687 o.54f5 o.54f5

Fbru/Ftu(L)

e/D=1.5 1 5' 1. 1.4f11 1.4~11
e/l)-2. 0 2. 0-4,~ 1.798 1.79,3

Fbry/Fty(L)

e/D1 -5 1.403 1.26r- 1.2j5
e/-2. 0 1.642 1.473 1. 73

*Insuffficient data for deternining ratio

62



II

TABLE XXXIX

RATIOS FOR COMPUTING IESIGN MECHANICAL PROPERI-ES
OF STRESS-RfELMED STRETCHED 2024-T3510 AND -T3511 EXTRUSIONS

Thickness. in.
R .20- 0.500- 0.750- 1.500- 3.ooo-

Ratio 0.249 O.99 0.749 1. 99 2.9 4.499

Ftu (LT)/Ftu(L) 0.956 0.927 0.900 0.854 0.785 0.766

Fty(LT)/Fty(L) 0.878 0.857 0.838 0.805 0.758 0.753

Fcy(L)/Fty(L) 0.816 0.836 0.854 0.887 0.935 0.947

Fcy(LT)/Fty (L) 0.968 0.941 0.917 0.874 0.811 0.796

Fsu/Ftu(L) 0.514 0.511 0.508 0.501 0.487 0.468 1
Pbru/Ftu(L )

e/r=1.5 L.46O9 1.301 1.2q6 1.2806 1.263 1.232e/=2.0 1.795 1.627 1.621 1.611 1. 1. 8

Fbr-, 'Fty(L)

.45 1.441 1.251 1.247 1.239 1.221 1.L96

e/I 2.0 1.686 1.520 1.5 1.503 1.477 1.4

63_



TABLE XL

RATIOS FOR CO)bWITII ISION t2CHANICAL fROPERTIES
OF STm-rI49XVN STMTC1D 2024-T8510 -:4 -TU511 EXTRUSIONIS

'hlias. In.
0.050- 0.250- 1.500-

Ratio :N9 149 450

Ftu(LWr)/Ftu(L ,5* 0.968 0.950

Fty(LT)/Fty(L) ..989 0.989 0.989

Fcy(L)/Fty(L) 1.012 1.012 1.012

Fcy(IiT)/Fty(L) 1.012 1.022 1.012

F3..'tu(L) 0.542 0.542 0.542

Pbru/Ftu('.)

e/D1-?.0 1.465 1.452 1.390
e /D-2-01.925 1.870 17b

e/- -51.407 1 407 1.407
e/D~.. 1.653 1.653 1.653

B fased on two lots
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TABLE XLI
RATIOS FOR COMPUTING DESIGN MECHANICAL PROPERTIES
OF STRESS-LIVED STRETCD 6061-T651X EXTRUSIONS

i
Thickness, in.I. 001- 1

Ratio 21.000 6.500 1
I

Ftu(LT)/Ftu(L) 0.969 o.858

Fty(LT)/Fty(L) O.I943 o.811
Fcy(L)/Fty(L) o.988 0.988

Fcy(LT)/Fty(L) 1.000 o.871 1

Fsu/Ftu(L) 0.705 0.511

Fbru/Ftu (L)

e/D,=.5 1.687 1 . 87
e/D=2.0 2.170 .1:b07

Fbry/F-y(L)

e/D=1.5 1.534 1.200
e/D-2.0 1.723 i.444

6iI
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I
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TABLE XLIV
RATIOS FOR COMTIM MESIGN ECHIANICAL PROPERTS

OF STRSS-RLVED STFUTCM 7079-T653X EXTRUSIONS

Thickness, In.o. 1o- 0.5oo-
Patio Z0.249 0. 99 0.742

Ftu(LT)/Ftu(L) 0.898 0.898 0.898

?ty(LT)/Fty(L) 0.876 0.876 0.876

Foy(L)/Fty(L) 0.989 o.989 0.989

Fcy (LT)/Fty (L) 0.950 0.950 0.950

Fu/Ftu(L) 0.527 0.527 0.527

Ftbr/Ptu (L)

e/D-.5 1 .435 1.435 1.435
e/De. 0 1.813 1.813 1.813

Fty/ty (L)

e/D,1.5 1.349 1.281 1.212
e/D-2.0 1.3 1.464
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TABLE XLV

RATIOS FOR COMPUTING DESIGN MECHANICAL PROPERTIES
OF STRESS-RELIVED STRETCHED 7178-T651X EXTRUSIONS

Thickness, in.
0 .250- 0.500- 0.750- 1.500-

Ratio 0.249 0.49 0.74 1.499 2.499

Ftu(LT)/Ftu (L) 0.957 0.945 0.933 0.907 0.862

Ft (LT)/Fty (L) 0.93 0.924 0.909 0.880 0.830

Fcy(L)/Fty(L) 0.9b31 o.981 0.901 0.981 0.981 j

Fcy(LT)/Fty(L) 1.026 1.016 1.005 0.982 0.941

Fsu/Ftu(L) 0.502 0.502 0.502 0.502 0.502

Fbru/Ftu (L)

e/D=1.5 1.4R 1.421 1.413 1 395 1.364
e/D=2.0 1.7 1.775 1:765 1: 7 1708

Fbry/Fty (L)

e/D=l,5 1.306 1.306 1.306 1.306 1.306
e/D=2. 0 1.521 1.521 1.521 1.521 1.521

ii
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TABLE XLVIII

Compued Design Mechanical Properties of 2024-T851X Aluminum Alloy Extrusions

Alloy .......... 2024
Form. . .... .... . xtruslons
Condition . . . . T. . ana ToDII
Cross-Sectional Area, in.2 All .,
Thickness, in . . . . ...-. . -4. Iuv
Basis . . . . ... . . .

Meohanical Properties:

FtuL 64 66 66

ur .... . . 60(*) 64(*) 63(*)

Fty keiL . .. .... 56 58 5
.......... 55(*) 57(*) 57(-)

FcYL kSi

IE .. ... .. 57 59' 59

F'su, ksi ........ ... 35(*) 36(*) 36(*)

Fbru, ksl
e/D=2L.5. . . . ....... 94*) 96() 92(*)
e/ .0...... ..... 123 123( 117()

Pbrv ksi
O 1. . 79(4) 8'*' 82(4)

e/D=2.0 . ...... 93 96H 96

e, percent:
L ..... .......... 4 5 5

E, 106psi 10.8 (+o.3)
Ec, Q psi 11.0 (+0.3
0, 100 psi 1 .1 1+0.1)

NOTE: Numbers in perenthesis are differences from values in
MIL-HDB-5, November 1966

• No values shown in MIL-DBK-5, November 1966
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TABLE LII

Computed Design Mechanical Properties of 7079-T651X Aluminum Alloy Extrusions

hiOknss, in. . .7...

Bas . . . . . . . . .. 5

Mechanical Properties:

FtL . ..... - 78
LT: 7(-6 Z79-4)70(-2)

tykL.... 67 680
LT . . . . . . . 59(-6) 6O(-5) 10)

......... 67(-1) 69(-)
LT 64.-3 65(-2) 67

su k .. .. 40(-l) 41-) (-2)

Fbru , kui/D-1.5 ..... 108 +18 ll0+18 n12 +M8
e/D-.O .. . 136(+16 i4o (+17) 141 (+16)

T -1  . . . . .190 +16 ) 87 + 12) 15 +8)
1e/D-.O . .... 03i+9) 100(+5) 97-1

t{ e , ]pr cant:

E, 106 psi 10.4 (+0.1)
l, g6' psi I10.7(0.

G, 10 psi 4.0 (5.1)

*1

NOTE: Numbers in parenthesis are differences from values in
MIL-HDHK-5, November 1966

76



O lr - '\ 

Joc E-O- t-lo -t C\ U- Q(\ 0
-4.- --

t1

t-- I. "DO

+ + +4 + +-4 +

00-

CIO -4

+ + 4 + +--

GO- OD - --. N l oO 0 .1 0

OJ I~\ r'\ + + +

co ~ ~ C--0a\N

to -t C~ Ou(', 0 O0

+ + 34, + +- +

-4 -4 -4-H

, + + +

C. n:-so

co 0

a~~4 E- .-- - .

CH 2
* C l. ... - . .Poo

1-44



0 ~ 0000 no0

m CN 1% OHOO0 O~n

C(\-i -4 H - r-HH

4)

-n~ ~ ~ .* 0*6C210 0 ; C

t 0 00n

0 00

E-4F-4

SOOO OrCO H 4- C 0Q

0C\ ~~ 00\ O~O

o 4-)

o L 0oo t4 MO----Q-C
C~O 0 0 0 0 -10 n -

0 N0'%0 0A 000  *

U0~-4 w~c~~~ov~'oorr o
d ~ O"\ CO 0 *-4,0

E-4A C
4) ~ ~ P Hc

-EM L(-\ IL)

-t 0CY%-. ONN ON "D E

0 4- 78



'-. r-HH H -4 H O.JH -4 AH HHH 4 a 4 1,

IRN-I - I r4 -t

-Cji CJ-i Ar4 H4 4 r4- H4 4r~ H I r4 r 4r- -\

tr-- ,HH HH CoH H -\ HHH Hr

(31%.. C~ Cjt- C - 00 S
Lf ocooyo u "I

V)H H H'- HH---- -1c- r4I H HHH 4 C441 JHIN H4

kO a)") Inrl"% * miC'4r-H H H t- 1\.t o~ $.C\j

4H-4 H HHHH H H ,i NHH NHHH A -

C0000 00C sc 6( 3C 0 N000 0 0

-t N~ rn o---- - -l CB 0 0% O'\HH14H I rr4 0 H H C- 2i Q
RC 0 G\OJGNOo L~-- CIO~O 0 CC C) 8 02n000 \

0 00

a) 4- C1 M--- 0- Voa' N~c -K

l 0

40 E4E4 C0 1o) 00 __coO___ t_____ \ \C ") C ) 'o

H E- -1 So -

MZ F-*9

01 ON m"'' ajvs tI.-0C 3t- - r[-a G
02

coQO 00000 00 H O

8~co ca 0CJ\

0%-*\ 0 p , N c 0

K~ Zr z-

Q)~~~___ I .. (\ e

-t 00 rl CU--. 0, 0 04 r ; C C; -i - C;C; C -4



He r-4 H1 HE414

0

c'Jk - c', CU4'

00

(1) ~ ~ U -~ - cic
toe

r--4

t-
4  

-4 O 4.)OfLr

0 'rZI

-H H .. 4- *.16
0E E -4 0 0- 10 0 -

C) re,\-

0 U0
-# - Ig C"J

> 4J

0 - 00*1 00

* u0 0 00

0 $ 0
C)) 3 )~

H) OH. 0OH

clf

0. 0I

0 ~ 0 1

E4.0 kE- 1- )

1- J



r4 4 4 4 44 H r r-i I -1 r4

rcV~m , -tCj Q 000000 P Ir2 CN C~j r-H H H H -4 \w

0 000 0OH? ,-r-~H- A c coClco - tL)

C- H0 00 H~.~ H- - -4r4 HHH

c L LC

- 0 0o 0 o:Z r

:I -4L B *ON9 00 00 0

rc cHHH I U"j

0 tr 
0)L

C~jr- 00 C ~ H kD000~r
Q~ 0. 0 0 rc C O ON
-4 000 00 Hr4000 4-H

H - ELA *-0000000 .,-4 rll0 0000 0000

0

-t~- cul o.-iaj (LC 700 m 4. (7Nt0J~

O) t- --O0 E-t - C a

H -Hi I00(o 66666 00

o\, r\O\ \\ ,L~oM- r1O

ca ~ ~ 0 00066 6 66 J 0

00

0 0  MG\uC

4- 41

r_ -- t 1 801 880- Oj I I I-I-1 1 --4- -- -



0

E- ---r 0 rl- *t mma'If\

4) 4, H,4 14,41 HHHH 1
0

H- rk I NC HC rc\

~~~4)lc o.-4.-4HHH mH -4

4 ~ ~ ~ O r4-if r ; 4z41
C*

H0 00 0 000 ) ~
IA 0tl' OV\j o I m

LR +-.t 0cc) C~ t-0Q\ U-\00

H H

V) 4J

-l- 00.
0H H

4) ) --4- -_C V 4

~~,r -r-- 0- 0 rfl C) 0YO~f

A n N.\0 0 '\80, 00 P41\cZr 0~l 0 0\ .0

'lO ' \ \ C 0 LOO H '
E 00 00 00 .rc; c; ; c;a

4;

'A I %O O O C\JOO I\OO 0) 1v4
ClnM 0 C'lt-.-1210L0 Q("N O\ ON~L2 CI)

-0 D 0 0 00 0 0 00$H

a)4 'A

~ruco

0) Q* 4-,



--fr) rA 00

-~t)H 000 CAJ

C-)j0 HH4 r4e4 x

Z74-1 Lr -4 H'

0 -

C)j 0000

co H4-r- .H H

0 0*'D a

N d,,T 00 I

C 4-4 H H c

E-4E- 4-3

C)00- 0,0 0 0

0 D 000 0 [0s6

00

j000 (DH O

0 Q)

04 10

sz U) p tII ci11 -T l L
0 l r U) 00 C
HfN 0 0 *.-

0 gE-4

E-1 E-4 E

0)0 C00 400 R

83l (\I



0

S 00000 NCUJO

-- J 0 00000 r\c Cj

fr4 Q) 0 41 @ r4- r4 4 \ 4 1 r -

C~j, N 00000 (D r!-

W - A A -4 > r-4 -i r H rA - HH

- H

c) 00000 (3 00 t (

CLli
0 ,. 0 11. L'-DOtCjH - Pr

.- i C-4 0MO-~- 1- 00000 '.fl -- CO -
00001\ (L C) ChO'OV3\ - 100)

E-1 r-i-I-- -
CYC IHHO R 0O O H 0

GNTN\l C0 0 0 00
E-4 TE C-' HH 0 H-

o 0
a- ) t;-t 0,00 .- 4

> I0Q N~ (D,) r 4-) fry() [-I I- - a) (YJ N

(D F- 0000 0 00 00 S£..C 00

1x (1--r~ )C~ - , 4 , ~ -

:-j A4 HNC'

lu0o -1 0 C C (\JH 6 - D 0''0 H

00

a, rr)
9) w)

i - ~j - l

co'1C~ 5 -i u 'C)QJ,-1j (D (

u ~ ~ ~ ~ ~ t of (\j.- 1(O ) 'J Uh

L-4 \0~ u"~ ~ 7~



0O0- 00 00 o -- _-0 -. 0.4000 .

C! C! . ..

0-0 00 -0 0 ,. 00

M f I . 'V .

6 A~00 -00-O,-

WLCC,~ ~ 'I..C. C-C ' C, .

I, >. ICC- ~ -0~.) CC -~( ~ " s C

I It

C' 1, ''F C , .~ .

, i .



-~,'.- . .0 0 00 0.-0 -. ~4-000 0 0; 0.466

06064614160 4000 0000 0.4 -0 0 0~c o 0 -400

8- . .6.00 0 T0.-0 0

0n 00, o4 00 -4 . 0 0 0 '4- 0 0 0 6 O . i. "

010

Q- -0 Uu C)0000 00 -. 00 .C- 0 0000

0-

*44

ZA . ... 4 0 4 0 .1 0 '4 4 1 - 0 0



0.40000000 00 0 oOOOO 04 .89ZA...-. 0 0. .4000' . @45

0-,C 00-4 00 00 004C .. 44.'.040 O 00..00 -0 0 04... 0.00

~~1...4~~! 0 0 0 0 0 08 0 Os A: 0.g 00 0 0.00 4 .4-0s44 . 0 0

__ __ S_ ___7__g6 Y P4 k S.

0 I 0s .0Y A0 .4,R0 9 016 008

IE 8

0000 0 44 -'0 0. -0 0 0'O 004 .40 700

c

'4 10 40 0 00 00, 44. . 0 .4 00 . C 0 0 CC. 4870.



01 00 0Q60 a 00 0000

'-40 0- Q. 0C00 0 00 000

L) 0o C0. .) 00 00 000 Q0.--.

4. 1

7t'

On-



d66 6I 6 6 6d.o 6 6d .; coid ; 6oo .o ~ o , 66 .....C oo C; 0

Fg

0 O..G I . . . . . .

.O 0 . . 0 . . . *0. . . 000 . ..0 . . . . . . . ..O00 " O. ..U O 0 .... 0.. . . . 0.

I' 0'0 a'0' 0 0-. ,.' 0.. 044 0'4c C),4 0'1.4 0 0 * 00000 .0 00 0 00 0
0  

0 4* 0C 0 0 0

1 . 4i+
1 

.* - i 4- . 4 -1 -I .4

. . . . . . . .. . . . . ., .

, . ... . . . . ... ...... .

. . . .. . . . . . . . . . . . . . . . . . . . . . . . .

88

4; .t. . . : * '.. t.,' t. ' , t a.'S ' 444 4'. . . 4' . t4.', . .

4 " .I , ,.i l . 3 . . -A Q,] l . - -*I " - . ,-,l, ,: A •14i l ,l 1 I .l . .

," - N ' . 1 4 ' F , 4 0 P I l N
I , 41. .. .. . : ,... . . . .. . .. .

..... ..±
4 0 1 -. C U



r_ 0 NT 00 r- C' 0, 0000,\ 0 0 O-

1-4 * .~ .9\ .4C .~ 4(\ .C~ .. ~ .. * ?, - 4 P

C, 4-1 4 4)

0 0 0 CI r-4

,.. i-u

C4c~ (0 u. . . .0 .\ .'c .\ .\

E- ('6 (1

-- 4 4.)60

i4
4 rN N Z -I4

90t



'.V3 (4 14~

4, .1. .42.13O0 0 O\ 0 0 0 0

-4,.4

r.0.

v)

w

r. 4~ . 4A

'44.4~~~ jo GraCf t- 8 tC ~

.0 C

'a KC

%J-\ '~r c 0U- . c-c4 - zt a: H~ _vI.4,I N .-. 4.4r1

1'rC'zc o'Zt !l~ l M Vu''

c ~ o 4 0ar 1 s1' -
9 ' ;

Q M4"L .n § s 0N F. mo FA oP-1 1
C; 0 0 .1No - - c" oo6ri o j j"L

<~44I



0:s > 11 0 4 "N 4*. .0 C

~~02 0 . 0

.9

0a c oo ND (11, " 0-0

10000000' 1' 0 00 00000 0'

F\t- t- Cow - i-

-4 *t-4a 5 " A cp~,C

000 000 00000 0

C!-aa - -a Ua ll ,.4 934-4

= 0 ,-aa,.- -4 v)N 4--

t - a 00C 0 *71

0 0 a 6y
Kil 1 12

144 4 ~141
2 , IV

92



RO0000 OO00H -40

r. HI Hr-I HrIH 4H H r4eI

~IH rl " H Ae-ir-4 H,-I -IH rI4

0

H "Aw, t t rN - m. 0U

0 a Ar , : ;r 46s 6 .. I * ) * c), 0

H-4H H HHHH -I4H HH HA ' -- I .- 4 - -I H

H>

Q$I", ;( 0 0rCo 4

000

0

El Lf-\ 8 L-N oco 40) cM H 0 000 0O0

-.- ~~ol 0000 00 
0C

r-co cmq H 8 - -IH E - - rI rIrIHr- 8 - -

Q4.
H5

000 0 0M

t- C) ko 0 00i

-H ) 000O 0LC\IlLCIJ)LCI*J T00 ON CI -r-r C~l NN Lrut00-r- t
(\JC3J\ (S t-6-~-t- JC' 6Q 6 (C; 6 66* 00 4I

0 0 0

§ 0 C)0 OOO- ~



. . . .. . . . . . . . .

6'.

{A l. ...... *, S.. ...

II

. . . . . . . .

h .i



j n~tnan *ti~ ht4E$.EE1.P.kP £AJI!RI aa&IIIDflPflhEPIRDflhIAI -

[It . ~

I 4
121 ha .

I ~ y I.- t~.I.-fr *

ill - I
it - L ~

1)1 ~.,J> 00c~cotoo 00013

x -- ''~ ~ ,'r~oo~ >VS~8
2

8~8~88RI .

S
I j ... ,.., -I
IL I

r I

N

II

I 1
I

* '2:>k I
- .,. A'.

S

- I C'

__ _____ 3.t 7.: W~?

>1

- ~ **

__ I _____________ ---- _______________

*ifx
- . I

. - . , - - - . I

Iz,. I. 9 -

-. I .

)
_________________ I



I

~ -

I *,~" ~ .09.Z.

~ ~

I

1 ~... . . . I

K~1
FM?

:~ . ... ~. -

~1j ~ 1
I .1

I . I

* I

~.1

j~jh . ..

I
-1



:1

it . ±

I I

I'
I. *' 's -K-

I:

'1.

t
4 I

-I S

L ~

~ 4.'.~

I ~.-<-. I

0-~ I,',

~2 I

4'
4'. I &j . I

if I$1 2~I I

* .1

"1
2 ES

J42

( I.
-, a"

6
I:

I (I 0

.. , R?'

I n'"' .I * 2

A.'~ ~
-i 1~

'I

PS



4)\ c, H c, c4 C)Jc-4r

C0 ) C))C 00 0( 0 0
2 ~0 0q 00 000 00\ IcJ oc

C(I c:) C- n ) CDU\A C) 00 0 8 00 0
I .0 0 H--C 0Z) 0 00

I~ CV\U( CUvc ICtcr)t. C 'H I o

C-)~~ C) l ) 0 - -Kc~g 0

q) i -

U ) CA ' w C

I c\J 0.

. 'C- r-4 H-

II-

L11C)~~~ AII(j) 4 ~

jg, 0C '\ '

IIr.

( ; i C') C) r W'' , \Cl G',

I j I l-+

C lr c )

)A c

-f j I I-i'

r--I

If c~I



un (:l\ 0 Cvw \d I Cm,\r1 c tc\.i 0

0 01 .*

1> [d C0)C 0 008300 nn O 00 0 0086( -') 0 0 000 T O

d C 'X&JC-, NJCJC\J ( i (\ C D -FiH CIj C~j

t .1000 0D 000000 00

I.1 ) I )\ojC'IIj ) 0) (\ *~l N s40(J - C\JOC~

a) C- 0 1 (-IIC) 0) I t. -0 r) rHO C
C:>-) r C~l -r --1 'r\f~ IIk )

Cc) -4

C, IIA AL \ I
rlrI HI H

NC' 0 ) CSNO 0OC CO) 0 (

-,I I 4LO 4 jC \I C .- 1,\ 0 0 0 0 0 C) 0I T c ll

I ) 1I ] . Q 10 j I

C~C, (C) 0 0C) 0C ( 0
I IN~ 0 0 j 000000 A

F I ' ( (\J .C\,-I~'-~ !C\

0 coF ~~ ~ ~ 1 1. FIN iC) I, ir JJC) C\

C-4 -1,~ VV) 0, 0\,FJ-- i CI 0

---7) _ __ _

>1-C) 1 1' 02 0N 0---V (7)0 r .-t ii CO uA
COD~rI- V7) 0 00 .'rl

0- 4- 4C) , ~ 7 - ,i Li l, 0 t-j--O O\

77 N CO O - O 00 r % 4
C. 0 0 0 ys, u j~~

i--) C-4 C)G4-) )
I)t f It ) 0 0-H

cI) Q < C I."()C\JC ) C- C] CJ 0C) 1LfC) 0 () h-C-O4) C i-FC
i r. f NC'2i'i"IC7)() (", ~0)~A0O7) C 0> a 0

4-J *-l :1 (,NkWI- 0, 1 .- ~ ) C,-F < ~JC)' V

iF o CD)

H- 10 F.
-. If) (N UN (Nj w.F

L H Ei )Oco

L id, CCH :

C),l



00

0 Ln a f I r\ \t 0 1 inm- ij g I r

4. tc\ -t r-4 00 HAI Lt

>x 000 0 0 C) 8 C)

3U I
0- ID 0 -t 0 00 M-

ca 0
C~j I I II- O

00 000 0() C ) ,-0

C) 00 0 00(X 0 fl('

k- 0 -4tN- u)c0\0 C'. 04 Crl 40 Lft l-40 -

4)C-) t- c. - H (DH r C cCjt 'CDC) 01
C:A 'C) 0(TLC) t- 0 0 ) 0H 0

0)H 0 -_I 0 -0 L J) \J0 N) 00,111oi 0N 0 6oo 0 t

H 4)v HOr k A) O H r*-4 Wt H4 '0 L\t- I0 r'\ C -a o,
H oj ? H -.01( ,Ctr) -- - c t 0, -1 o) r-HO r I -4

%C)-I -10 TN ) t- kA VI) 'In

C)o C) n 0C) n00 0 7 0 0 c 0 0 C' c) 60C) 0
cl0 0)0 0) n 0C -0 0 0 r) C7 ) (D 0 D 000 0

E-4 ~ ~ ~ ~ ' -(\0 %.)ri\ 0 w- Hi 1
1

\j t- ',-oi I~ H- 0 t-- '0 :r - 4

r-I0 0 -At -r 1) 11) t C\ N' I % tC\ ti-\ (11 ON, '4 ) 1)~

-k HH -I (HH4 Ctj -,t- r1 j C I-r' -- - A N-1 M

oC( o\ " 0 C), C
) 02 C) C) 0 ) 0 C C- )

0 \2 % o r- ri- f' k) 92 j.f - D r : O 1(

()N 1 f)- ") 000-) (\J "(D 4- r" ) 4- ( -'4 ki(. ) r<-.
b-h-- rA r-4 C4. h-Oct I' -t-~- e-r\ -) r) .

d H I- 11\ Ho r ( If " Tf
a_,A) w * J -1 -j Jir rjN C

4(\ ,- (x\- j (U ,- ( Q 4 a) I UJ

j nH 1) uu 0 1r, ( ,
C11 ('.J LI' 4- C

4- H-A H C

a)4 H a) 4 Cxl)
o V) CDC ' ()
0 Cx 4 C ' ) 0C) - ( 4 Cx) Q - 4 )

U) C LA o - (Nr)0 o n c / ) ) \



I~ a

0I

> 0 808888 88 80888r8

I I r I H

HO C\J 1 1- tC'\,H0 CJ 1Z 0 H-i U C O\e 4.):
0 0 t nmm ~ 0 ONO0 v t4 %.0 0 id

0. (\Dj C~j H H n~ C'J N-4HOr-IE C\j 4

(1) 0 0 000O 0 \.Oa'00 802 4.)

U H C7 4)U0
nC) 0 jy~ 0. CO ro

mncAir tM-O'&N
C~j rf 'A4 0 H-4 -

~ Ln 80000000 0 000000 0 00 4.)
H 0 S0000o OOR0 0080 04

CU0

C\ C\j~ n A -10 1 C'JQ4-

E-4 ~H r-4 , vc

0008008 HOP

00H00 0 800 0

2 YQ 44

4+-4f 4 0 4 * 4 * 44, O D e .)Hi1

4f 00 4 H

'tO 4
li~ ~ ~ coC)r4. 1 4 \ H ()0 Q- ,X4 r N "

A -; AKAAI AA A4-0)* r-440,



I **W4~

U *''''* 1 ' -
;. 4.S - 4 .. ... - --- 4* , 

4' 0* .4 * ~~4<.J** *SJ*** I44It444M~,..tS4,4fljCV **~4~.~*%(..

I.. .
_ _______________

4. 44 ~ *, 0'a

3..
C.

'~ St a: ** 4 ~. ... ~o
9 *O'~ o~...ua. 4 -,.''4.,,.-,C,(. ~ 4 -.. cunCrvOU4 ... 4 ga, 1'

-. 4

N

'.4~:u~ 1~i:~i 4.' i: $L~77I ~i
,g-'a,-. U

La .4 *4
t4.~tCLI (~44~'I~tUS.O 

7
flI',., . -C' -x ~ r...~,C CC 4~ *-< ,. ' 4?

1
4. C.0U .4

4..1 0., U
4 8 -

* 4,

* *~ a,~ ~4 O~ V4.4'JCV Ci .1 .4'~4 c
U' .~l 4-C ~ *.~ 4

~ 24~ I . 4.~~4C4C -~ !2 ~i;~; .i'?CF,.!~.'C ,4,~-414 T~ -~ 4 4 444 '-F 54 I *~-' F -:

0 ~ ~. IC)

4-. VOJN .J'-,CxC-a(CCV CCtC~a..i . ajar, a ... ... g.a jCj Cj-,-j.4....~
O~.,CC4CCCCCOC2C (CCC.CCC.:: C3'CC)CCC CCC 3.tC,,)C., (C ''~4C ~

Li.
4' 4

U 4''

--. 4,.,., 44 IC
4..,, 4-cs (I.

441 0.144*4 UCC.Cfl'4..4aT W4..,CCq4.,

~ ~-~::: . 44C**~ a ~i'i~ ~
4tC0"4C'C'4 C'. C; 44.4. 1"

C~'f. \,CCCS FNI.1Pr4 4. - Cl 440

tC.PC~'4-C4.t 4~CC',-1.Ci4 C4~,. C'rC.-.tt -.. ,e.C, 4 C

C. CC4C .,, C ~. ~

4(4' . C I C'.-4C ,~>,, .Cfl)C,.

tCjfl ('CJ(C4C.'C~C'C'.C.4C4CC.CC.CCCCC.. j~?<.
4Cfl"C .CCCJCCJ4,*CV" 'r 4 C1

2 ii::--' ~

-f .4



LO .1 CJ v. .

-C V)

I~ ~~~~~ 0.0' 4 0 , 4 0 Ct

0 om 751 1* -.- &10 .-

4-0 c,~

0 0 ' 0
C o-

o ~~ t".n.

x~ K



o c(\j .-i

00

LO f uO

i00



A A/

/ AX

__) 0'-4

Col

t t

CS.L

100



~2

I

17 0it i a
I,

0
- /

N *~
:7

1 ~*i : C)

(I- (~
'--4 ~.i

In

I -I - IUII '7

I)I I
(,* I'

I I
I I

I I
II I

II. I'.

I j~7  
(

I. 'a"-Kii I'

4'N r I i I

& I (

I.,-
I. C)

II -~ I -

J .1

.1 J
)

0

K' je

I



r - ____ - _____________________________________________

I

-St

I

U
I 0

I. aI I I W I~ 91<

H I: 0*~ .402

I .j :1 I ' i.g.ri
fl *~*.. I .02

PS .. I I
I! -~ ~iI II I j0214.I) -, I*u 9 r
I :..-.i - 5>21( . S i cr-IC
Ii -

~Qr-l ~

II

I i
H

I J Cfl~C) 4
I o~r

I I I &)rI 44

II I.' II CLLThcu

I I ~- :1 O~~t1~9

(IIC\I

II :7>'
II I 4--a.'

Ii U I! 0 4-sr

I r~e ,~

I I
I .. ii

II I I: I . I QJO ~..

I a I Uti
. w I (

I. . .. I-. ~
I!
K *i - ~<J~ 2

I, -i

. I u.l
- S> - I

I -
-- II - I -~

II I: I

I, I-, -- -. I
I -A,

r4

Iv

p



'I

~l1

p
- Xo~ I
A H.H

~- N

m

L~Fl U-i I
-i-)H *~
0)
o.~: u2

F
w K U

9-' I

C 0 ~h7 '~}

* I I

7 I,,
~Jt'-&

-

Ar
* ~

A F

-p.'
C).,:'
-.'.0)

II ~ -. q.IL '-m'~ 4

A. - I ~
(I.. I -, \ 0

'p

II~ I I I

'S
LV

iDo
I.



il

I-A

r4

o a)uuu
00

02')
o m

o~) o

Lr)U

C)a

C)/

017

~i. th



'1ol
34 -ro ~

rn-t WV

1 P1- 0

II i -

I I1



S P4

E-

I 00

INI

Moo

Zei



0 ilk

00
0 :0

E-4

0 vt

'I

E-4.17T
*112



Vw
f~lizi JOR~

e0 9D (D

Ir IL

A-I En

~-4---

I t' I

+ tI

0 - (4-.

+4 J+1~-4

!162:
113~a



t

Comse Spcie

INoMIN.AL
ikAM DIj 22P* _ ''

Round Compressive Specimen

jQiAM, IN. 0D,IN.

-3/ 
A

cc) 0. - -

Shear Specimen

ST

Fug. 13. General tr.mensions of Compressive and Shear Sperimens f

3w-I



__. _. IN

C O7~~.I092-09.

fi AI

I.115

Fig.3.2Geneal imenion of earng Sec n:a



GAME LENGT4 I

%/1 IN. srgtG S gr k ?CL

Al IIiN
O.~O1 07O / 0000Tt7OQ Z.IZ

. 3ZAP~±O0OC0 2. ro 1.o0otzC02-o

POQ <'T#A S HS - #p~

Sheeundp Specimens

Pig.13 enerl Dmensonsof Tnsie Spcimns Fr '

Modu) L-EuO and Stes-tanet

GAGFI LENN1

S T F~k A10- 4r z 1 E.

C)IA IEC ER, .(-4 c E r r 1 z L NiT -



Sheet-Type bpecimen

3 ~ + y7-- .,... _ 1 77

Round Specimens

Fig. 14 General Dimensions of Compressive Specimens

For Modulus and Stress-Strain Tests

117

.- . - .', i



~ 3

0i 0

cow 0
HrL\LM\L'

CI) T 4

H " .l::UI

H\. -



I
U
tRi-

* A

I

'-it
'4.

I
I
*

VI
I
I
I
I

1
4

I

I-I
I
$4

I1

Ii

Fig 16 Strain GSDC Units for Fracture Toughness Testing

a
119 1 2



4M

410



mag: J/'5
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Fig. 75 Effect of Grain Geometry and Stressing Direction on
Resistance to Stress-Corrosion Cracking

With extruded shapes of 7075-T6 alloy displaying the various
grain structures shown, the stress-corrosion resistance was
determined in two directions: parallel (A) and perpendicular

, B) to the principal grain axis. Stress-corrosion resistance was:

defined as the highest initially applied tensile stress that did
not cause stress-corrosion cracking in 84 days of exposure to
the 3.5% NaCl alternate Iu rsion test. The resistance to stress-
corrosion cracking was highest when the most highly oriented grain
structure was stressed parallel to the principal grain axis and
lowest when the stressing direction was perpendicular to the
principal grain axis This same trend is applicable to other
susceptible alloy-temper combinaions.
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